On the main islands of Japan and in Taiwan, the spider mites Tetranychus kanzawai and T. urticae (green and red forms) are major pests on vegetable crops. The present study revealed that the dominant spider mite species injurious to vegetables in Okinawa, located between the main islands of Japan and Taiwan, differed from those in the two regions, providing important and fundamental information for controlling spider mites in Okinawa. T. okinawanus was the most dominant species throughout Okinawa with the broadest host range, even though the species has been regarded as a non-pest to date. T. piercei, which has similarly not been treated as a vegetable pest, was the second most dominant species with respect to frequency of occurrence and host range. T. kanzawai and T. urticae (green form) were comparable in the frequency of occurrence to T. piercei in the northern part of Okinawa (Okinawa Islands), whereas they were scarce in the southern part (Sakishima Islands). As other less-dominant species, T. ludeni, T. neocaledonicus and T. pueraricola were found infesting several vegetable crops. T. urticae (red form) was not found in this study.
INTRODUCTION
Spider mites (Acari: Tetranychidae) are one of the most destructive agricultural pests in the world, which is also the case in the Far Eastern islands, including Japan and Taiwan. Fauna of spider mites injurious to agricultural crops in the main islands of Japan and Taiwan are well understood Shinkaji, 1975, 1996; Ho et al., 1997) , but not in Okinawa, lying between the two regions. Although Ehara (1966) and Gotoh et al. (1996) made a faunal survey of spider mites on one island of Okinawa (Okinawa Island), they mainly focused on mites infesting non-agricultural plants. Recently, Takafuji and Ohashi (2004) recorded several spider mite species in Okinawa, but the relative frequency of occurrence of each species remains unclear. As the first step to understanding the fauna of spider mite pests in Okinawa, which is fundamental to their control, we extensively collected spider mites infesting vegetable crops from several islands covering Okinawa and identified them to the species level. As a result, we clarified that the dominant species in Okinawa differed from those in adjacent areas. The purpose of this study is to present collection data which include much new information on the distribution and host plants of pest spider mites. Ehara and Gotoh (2007) . If mites in a sample did not include adult males, they were allowed to reproduce on kidney bean (Phaseolus vulgaris L.) or mulberry (Morus australis Poir.) leaf discs, and were then subjected to species identification when male offspring were successfully obtained. When the cooccurrence of different species in one sample was suspected based on observations of body coloration of adults (see description by Ehara and Gotoh, 2007) , male aedeagi of multiple (up to 20) individuals were checked for confirmation. Voucher specimens were preserved separately by S. Ohno of Okinawa Prefectural Agricultural Research Center (OPARC), A. Miyagi of Miyakojima Branch of OPARC, and T. Gotoh of Ibaraki University, as slide-mounted specimens using Hoyer's medium. Raw collection and species-identification data used in the present study are available from the first author. New distribution records were determined by referring to previous taxonomic, faunastic, and intraspecific variation studies which used materials collected from Okinawa (Ehara, 1966 (Ehara, , 1995 (Ehara, , 1999 Gotoh et al., 1996; Hinomoto et al., 2001 Hinomoto et al., , 2007 Takafuji et al., 2001; Takafuji and Ohashi, 2004) . New host records were determined by referring to the worldwide host list provided by Migeon and Dorkeld (2006) . Collection data of spider mites infesting vegetables in Taiwan were cited from Ho et al. (1997) and compared with our data. We regarded the frequency of the occurrence (ϭnumber of collection sites) of each mite species as one of the indicators of the pest status of the species, as in Ho et al. (1997) .
MATERIALS AND METHODS

From
RESULTS
A total of 273 samples were taken, 251 of which from 203 collection sites of Okinawa were identified to the species level. The remaining samples were not identified due to failures in either the obtaining male offspring or the preparation of slidemounted specimens. Eight species, all belonging to the genus Tetranychus, were found on vegetable crops in Okinawa; T. kanzawai Kishida, T. ludeni Zacher, T. neocaledonicus André, T. okinawanus Ehara, T. parakanzawai Ehara, T. piercei McGregor, T. pueraricola Ehara & Gotoh, and T. urticae Koch (green form). On several islands, all or some were newly recorded in the present study (Table 1) . T. parakanzawai was recorded for the first time in Okinawa. Other pest Tetranychus species on vegetables inhabiting the main islands of Japan and Taiwan, i.e., T. truncatus Ehara and T. urticae (red form) (ϭT. cinnabarinus (Boisduval)), were not found in this study.
The frequencies of occurrence of the above Tetranychus species in Okinawa and Taiwan are summarized in Table 1 . When data from all islands surveyed were combined, T. okinawanus and T. piercei were the most and second dominant species, respectively. T. kanzawai and T. urticae (green form) were the third and fourth most frequent species in Okinawa with their distribution clearly localized to the Okinawa Islands. In the Sakishima Islands, both species were found on Miyako Island, but less frequently than T. okinawanus and T. piercei. They were not collected from the western part of the Sakishima Islands. The fifth most common species in Okinawa was T. neocaledonicus, which was less frequent than T. kanzawai and T. urticae (green form) in the Okinawa Islands but comparable in frequency to the two species in the Sakishima Islands. T. ludeni and T. pueraricola occurred less frequently. T. parakanzawai was the least frequent of the eight species, collected only once on the southernmost part of Okinawa Island (Itoman City). The species composition on all the surveyed islands of Okinawa differed from that in Taiwan where T. kanzawai, T. urticae (green and red forms) and T. truncatus are the dominant species (Table 1) .
With respect to cultivation environments, greenhouses accounted for 40% of all sampling sites of Okinawa (Table 1 ). The occurrence of T. urticae (green form) was extremely biased toward the greenhouse environment: twenty-four of the 25 samples of the species were from greenhouses ( Table 1 ). The frequency of occurrence of major species except T. urticae (green form) in greenhouses were comparable to each other. In greenhouses on the Okinawa Islands, the frequency of occurrence of T. urticae (green form) was comparable to that of T. okinawanus and greater than that of other species (Table 1) .
Host records in the present study are listed in the Appendix. T. okinawanus had the broadest host range in the field; this species was found on 31 crop species belonging to 11 families. All crop species other than kidney bean and sweet potato were newly recorded hosts of T. okinawanus. The host range of T. piercei was the second broadest with 24 species from eight families, among which 14 species were newly-recorded hosts. T. kanzawai was found on 12 species from six families, all of which were known hosts. The numbers of recorded host species (families) of T. urticae (green form), T. neocaledonicus, T. ludeni and T. pueraricola were 10 (eight), nine (six), five (four) and five (two), respectively. T. parakanzawai was found only on adzuki bean.
DISCUSSION
The present study showed eight Tetranychus species infesting vegetable crops and revealed the dominance of T. okinawanus, followed by T. piercei, and the relatively rare occurrence of T. kanzawai and T. urticae (green form), in Okinawa. This result is a new finding considering that T. kanzawai and T. urticae (green form) have been regarded as the two most important pests on the main islands of Japan and in Taiwan Shinkaji, 1975, 1996; Ho et al., 1997) . In this study, two other important pest species on the main islands of Japan and in Taiwan, i.e., T. urticae (red form) and T. truncatus (Ehara and Shinkaji, 1975; Ho et al., 1997) , were not found from vegetables in Okinawa. 
o., T. okinawanus; T.pi., T. piercei; T.k., T. kanzawai; T.u.g., T. urticae (green form); T.n., T. neocaledonicus; T.l., T. ludeni; T.pu., T. pueraricola; T.pa., T. parakanzawai; T.u.r., T. urticae (red form); T.t., T. truncatus.
The sum of the numbers of sites across different species usually exceeds the total number of sampling sites due to the co-occurrence of multiple species at single sites. A new distribution record at island level is denoted with an asterisk. c Data from Ho et al. (1997) . The percentage of greenhouses is not presented in this paper.
Since its discovery on Okinawa in 1993 (Ehara, 1995) , T. okinawanus has been considered a nonpest (Goka et al., 1998; Takafuji and Ohashi, 2004) even though this species has high reproductive performance and a broad potential host range under laboratory conditions . This belief is mainly due to the susceptibility of T. okinawanus to acaricides (Goka et al., 1998) , which possibly hampers the invasion of cultivated areas by the species; however, the present study revealed that T. okinawanus was the most frequently found Tetranychus species on vegetable crops examined in Okinawa. Although T. okinawanus was recorded on an unidentified weed species in Taiwan (Takafuji and Ohashi, 2004), it has not been found on vegetables and other agricultural crops despite more than 900 plant samples infested by mites having been collected from the whole of Taiwan (Ho et al., 1997) ; therefore, the observed dominance of T. okinawanus in Okinawa requires some explanation. This species was also found in Thailand infesting some weed species (Masaki, 2001 ), but its pest status in that area is unknown.
Although T. piercei is a pest species infesting fruit crops, such as banana and papaya, in tropical Asian regions (Biosecurity Australia, 2007) , this species has not been regarded as a major pest in Taiwan (Ho et al., 1997) or on the main islands of Japan Shinkaji, 1975, 1996) ; therefore, T. piercei was nominated as a major vegetable pest for the first time in the present study. Within Okinawa, the pest status of T. piercei seemed to be more conspicuous in the Sakishima Islands than Okinawa Islands; this species was much more frequently found than T. kanzawai and T. urticae (green form) in the former area (Table 1) . This situation needs special attention considering the geographic proximity of the Sakishima Islands to Taiwan (Fig. 1) where T. kanzawai and T. urticae (green form) are major pests and T. piercei is not (Ho et al., 1997) , which also needs to be explained. Gotoh et al. (1996) found T. urticae (green form) in four greenhouses but not in open fields on Okinawa Island. We showed, based on more samples, that T. urticae (green form) is the only species strongly associated with the greenhouse environment in Okinawa (Table 1) . Takafuji and Morishita (2003) also noted that, in climatically warm areas (western part) of main islands of Japan, T. urticae (green form) is easy to find on greenhouse crops but very difficult to find in non-greenhouse environments. The observed lower frequency of the occurrence of T. urticae (green form) in Okinawa does not indicate the lower pest status of the species in Okinawa. In greenhouses on the Okinawa Islands, the frequency of T. urticae (green form) was comparable to that of T. okinawanus (Table 1 ), suggesting that T. urticae (green form) is one of the most important pests for greenhouse cultivation in that area.
T. kanzawai and T. urticae (green form) showed a similar distribution on vegetable crops in Okinawa (Table 1) ; they were frequently found in the Okinawa Islands, whereas in the Sakishima Is-lands, both species were rare (in the eastern part) or absent (in the western part). The observed lack of T. kanzawai in the western part of the Sakishima Islands in the present study does not conclusively indicate that the species does not occur in that area. Takafuji et al. (2001) used T. kanzawai populations collected from non-agricultural plant species, Mallotus japonicus (L. f.) Müll. Arg. (Euphorbiaceae), on Ishigaki Island and Iriomote Island for their diapause study; thus this species does occur in that area; therefore, it should be clarified why T. kanzawai has not become a vegetable pest in that area. In contrast, T. urticae (green form) has not been found in the western part of the Sakishima Islands to date (Takafuji and Morishita, 2003 ; present study). There may be some environmental factor specific to the western part of the Sakishima Islands hampering colonization in the area by T. urticae (green form).
T. neocaledonicus was the fifth most important spider mite species on vegetables in Okinawa. This species has been collected from many taxa of agricultural and non-agricultural plants in subtropical to tropical regions of the world (Migeon and Dorkeld, 2006) , and was recently found infesting passion fruit (Passiflora edulis Sims; Passifloraceae) on Amami Island located between Okinawa and main islands of Japan (Ehara and Yamaguchi, 2001) . Later, Takafuji and Ohashi (2004) collected this species on a non-agricultural plant species (Clerodendrum trichotomum Thunb.; Verbenaceae) on Taketomi Island belonging to the Sakishima Islands. The present study is the first record of the infestation of vegetable crops by T. neocaledonicus in Japan and suggested a broad distribution range of the species in Okinawa.
As other mite species on vegetables in Okinawa, we found T. ludeni, T. pueraricola and T. parakanzawai. T. ludeni has worldwide distribution (Migeon and Dorkeld, 2006) and is considered a minor vegetable pest on the main islands of Japan (Ehara and Shinkaji, 1975) . Our data also suggested the minor pest status of this species in Okinawa. In contrast, T. pueraricola is currently recorded only in Japan (Gotoh et al., 1996; Suwa and Gotoh, 2006) . Although this species was clarified to have the potential to use a wide range of plant taxa as hosts (Gotoh et al., 2004) , it is associated only with the kudzu vine, Pueraria spp. (Fabaceae), as a wild host plant on both main islands of Japan (Suwa and Gotoh, 2006; Gotoh et al., 2007) and Okinawa Island (Gotoh et al., 1996) . Pueraria montana (Lour.) Merr. is a common weed around cultivated areas in Okinawa (authors, personal observations) and thus considered a source of the infestation of vegetable crops by T. pueraricola. T. parakanzawai was found only once in our extensive (more than 200) sampling. This result may be a rare case of the accidental introduction of this species into a cultivation environment and suggests that this species is not a potential pest.
